We study the effect of squark generation mixing on squark production and decays at LHC in the Minimal Supersymmetric Standard Model (MSSM). We show that the effect can be very large despite the very strong constraints on quark-flavour violation (QFV) from experimental data on B mesons. We find that the two lightest up-type squarksũ 1,2 can have large branching ratios for the decays into cχ 0 1 and tχ 0 1 at the same time due to squark generation mixing, leading to QFV signals 'pp → ct(tc) + missing-E T + X' with a significant rate. The observation of this remarkable signature would provide a powerful test of supersymmetric QFV at LHC. This could have a significant impact on the search for squarks and the determination of the underlying MSSM parameters.
Introduction
The exploration of the TeV scale has begun with the start up of the LHC run. Gluinos and squarks, the supersymmetric partners of gluons and quarks, will be produced copiously for masses up to O(1 T eV ) if supersymmetry (SUSY) is realized in nature. After the discovery of SUSY, the determination of SUSY parameters will be one of the main experimental programs. The determination of the soft-SUSY-breaking parameters will be particularly important to pin down the SUSY-breaking mechanism. As the soft-SUSY-breaking terms are the source of flavour violation beyond the Standard Model (SM), the measurement of flavour violating observables is directly linked to the crucial question about the SUSY-breaking mechanism. It is usually assumed that production and decays of gluinos and squarks are quark-flavour conserving (QFC). However, additional flavour structures (i.e. squark generation mixings) would imply that squarks are not quark-flavour eigenstates, which could result in sizable quark-flavour violation (QFV) effects significantly larger than those due to the Cabibbo-Kobayashi-Maskawa (CKM) mixing.
Additional flavour structures will of course give contributions to flavour-changing neutral current (FCNC) processes. Up to now all measurements of such processes are consistent with the SM predictions, which in turn requires that the flavour structure of new physics at the TeV scale is highly constrained. In particular, this flavour structure could be closely related to the flavour structure of the SM Yukawa couplings.
The most extreme case is minimal flavour violation (MFV) [1, 2, 3] which assumes that the Yukawa coupling matrices of the SM are the only source of flavour violation even in interactions involving new particles. Supersymmetric models of this kind are gauge-mediated SUSY-breaking or minimal supergravity (mSUGRA) models with universal boundary conditions [4] . However, while the flavour constraints suggest that the dominant flavour structure of new physics should be MFV, there is certainly room for sub-dominant contributions that are not MFV. The discovery of such non-MFV (NMFV) physics will be of utmost interest. There are also known examples of flavour models which do have large flavour violating entries in the squark sector getting consistency with the flavour observables in a different way. An example is a model with an extended R-symmetry [5] where the left-right squark mixing terms are absent and the gauginos are Dirac particles. Another possibility would be hybrid gauge and gravity mediation of supersymmetry breaking [6] where one gets sizable NMFV contributions (i.e. sizable squark generation mixing terms) as discussed in [7] .
The effect of QFV in the squark sector on reactions with external particles being SM particles [8, 9] (or SUSY Higgs bosons [10] ) has been studied in several publications.
In this case the effect of QFV in the squark sector is induced only by SUSY particle (sparticle) loops.
However, in reactions with external SUSY particles, the QFV effect can already occur at tree-level and hence can be rather large. The QFV decayt 1 → cχ 0 1 [11] and QFV gluino decays [12] were studied in the scenario of MFV, where the only source of QFV is the mixing due to the CKM matrix. The QFV decayt 1 → cχ 0 1 is actually the standard search mode at the Tevatron for light top-squarks if their decays into bottom-quark plus chargino and top-quark plus neutralino are kinematically forbidden. Squark pair production and their decays at LHC have been analyzed in scenarios of NMFV, where the effect of the squark generation mixing is also included [13, 14] .
QFV gluino decays [15] and QFV squark decays [16] have been studied in the Minimal Supersymmetric Standard Model (MSSM) with squark generation mixing in its most general form.
In the present paper, we study the effect of QFV due to the mixing of charmsquarks and top-squarks both on production and subsequent decays of squarks in the general MSSM with R parity conservation. In principle also the mixing between right up-squark and left top-squark is hardly constrained as pointed out in [17] . Here for simplicity we do not take into account such a mixing as we are mainly interested in demonstrating the main QFV effects and signals. Note that in case one cannot distinguish between the quarks of the first two generations, the corresponding QFV signals will involve jets whose original quark is not identified, and hence the effects of the two mixings (i.e. the 1st and 3rd generation mixing and the 2nd and 3rd generation mixing) cannot be distinguished.
We show that the QFV squark decay branching ratios B(ũ i → cχ + X' and 'pp → t t (tt) + E mis T + X' at LHC, which we also study in the present article, where E δ uRR αβ
The relevant QFV parameters in this study are δ which are thec L −t L ,c R −t R ,c R −t L andc L −t R mixing parameters, respectively. The downtype squark mass matrix can be parameterized analogously to the up-type squark mass matrix [18] .
The properties of the charginosχ
) and neutralinosχ
) are determined by the parameters M 2 , M 1 , µ and tan β,
where M 2 and M 1 are the SU(2) and U(1) gaugino mass parameters, respectively.
Constraints
In our analysis, we impose the following conditions on the MSSM parameter space in order to respect experimental and theoretical constraints:
(i) Constraints from the B-physics experiments relevant mainly for the mixing between the second and third generations of squarks:
, where we have combined the experimental error of 0.24×1.96×10 −4 (95% CL) [20] quadratically with the theoretical uncertainty of 0.23×1.96×10 −4 (95% CL) [21] , 0.60×10 [24] quadratically with the theoretical uncertainty of 3.3ps −1 (95% CL) [25] .
(ii) The experimental limit on SUSY contributions to the electroweak ρ parameter [26] : ∆ρ(SUSY ) < 0.0012.
(iii) The LEP limits on the SUSY particle masses [27] : (iv) The Tevatron limits on the gluino and squark masses [28] .
(v) The vacuum stability conditions for the trilinear coupling matrix [29] :
with (α = β; γ = Max(α, β); α, β = 1, 2, 3) and m
The Yukawa couplings of the uptype and down-type quarks are [16] . B(b → sγ) is sensitive to
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2 Table 1 : The basic MSSM parameters in our reference scenario with QFV. All of T U αβ and T Dαβ are set to zero. All mass parameters are given in GeV.
Flavour violating fermionic squark decays
We study the effect of the mixing between the 2nd and 3rd generation of squarks on their decays. The branching ratios of the squark decays
are calculated by taking into account the following two-body decays:
where
The decays into the heavier Higgs bosons are kinematically forbidden in our scenarios studied below. The formulae for the widths of the two-body decays in (13) can be found in [13] , except for the squark decays into the Higgs boson, for which we take the formulae of [31, 32] .
We take tan β,
Dαβ , T U αβ and T Dαβ as the basic MSSM parameters at the weak scale and assume them to be real. Here M 3 is the SU (3) gaugino mass parameter. The QFV parameters are the squark generation mixing terms
Dαβ , T U αβ and T Dαβ with α = β. We study a specific scenario which is chosen so that QFV signals at LHC may be maximized and hence can serve as a benchmark scenario for further experimental investigations. As such a scenario, we take the scenario specified by Table 1 , which was studied for QFV gluino decays in [15] .
Here we take 
For the observables in (i) and (ii) we obtain B(b
17.37 ps −1 and ∆ρ(SUSY ) = 1.51 × 10 −4 . The resulting tree-level masses of squarks, neutralinos and charginos are given in Table 2 and the up-type squark compositions in the flavour eigenstates in Table 3 .
For the most important decay branching ratios of the two lightest up-type squarks we get B(ũ 1 → cχ In our scenario this is a consequence of the facts that both squarksũ 1,2 are mainly strong mixtures ofc R andt R due to the largec R −t R mixing term M 2 U 23 (= (373 GeV) 2 ) (see Table 3 ) and thatχ We now study various parameter dependences of the QFV squark decay branching ratios for the reference scenario of Table 1 . In all plots we mark the point corresponding to this scenario by an "x". In Figs.1-3 we show that both B(ũ i → cχ In the region shown all of the low energy constraints are fulfilled. We see that there are sizable regions where both decay modes are important at the same time. The observed behaviour can be easily understood in the limit where thet L -t R mixing is neglected since in this limit only the mixing betweenc R andt R is relevant forũ 1,2 and the corresponding effective mixing angle is given by tan(2θ
We also find that the behaviour of B(ũ 2 → cχ Fig.2.(a) , respectively, but they are almost flat. From Fig.2 we find that the possibility of the large QFV In Fig.3 we show the δ Table 3 ). As for the δ 
Impact on collider signatures
We now study effects of the squark generation mixing on QFV signals at LHC. The large B(ũ i → cχ 
where X contains only beam-jets and theχ We calculate the relevant squark-squark and squark-antisquark pair production cross sections at leading order using the WHIZARD/O'MEGA packages [33, 34] where we have implemented the model described in Section 2 with squark generation mixing in its most general form. We use the CTEQ6L global parton density fit [35] for the parton distribution functions and take Q = mũ i +mũ j for the factorization scale, wherẽ u i andũ j are the squark pair produced. The QCD coupling α s (Q) is also evaluated (at the two-loop level) at this scale Q. We have cross-checked our implementation of QFV by comparing with the results obtained using the public packages FeynArts [36] and FormCalc [37] .
Defining QFC production cross sections as
we obtain the following cross sections at the center-of-mass energy E cm =14 TeV [7 TeV] in the scenario of The main contribution to σ(pp →ũ iūi X) (i = 1, 2) comes from the subprocess gg → u iūi . The gluon-ũ i -ũ j coupling vanishes for i = j due to the color SU(3) symmetry.
Therefore, σ(pp →ũ iūj X) and hence σ Note that in caseũ 2 =ũ R , the subprocess uū →ũ 2 (=ũ R )ū 2 (=ū R ) via t-channel gluino exchange also can contribute to σ(pp →ũ 2ū2 X).
We have also studied the δ uRL 32 dependence of the QFV production cross sections σ ii ct (i = 1, 2) at E cm = 7 TeV and 14 TeV, where all basic parameters other than T U 23 are fixed as in the scenario of Table 1 . We find that the QFV cross sections are rather insensitive to the QFV parameter δ The largec R -t R mixing could also give rise to the following QFV production cross sections:
where X contains only beam-jets. Here theũ iũj pair (withũ i,j ∼c R +t R in the scenario under consideration) is produced mainly via a t-channel gluino exchange subprocess c c →ũ iũj with c being the charm-quark in the beam proton. Note that the signal event "top-quark + top-quark + E mis T + beam-jets" can practically not be produced in the MSSM with QFC (nor in the SM). It turns out however that in the scenario of Table 1 the corresponding cross section σ tt ≡ σ
tt is at most O(0.1) fb at E cm =14 TeV and hence that it might be relevant for a very high luminosity [38] . Therefore this QFV process will not be discussed further.
In addition, we study QFV in production and decays of squarks at LHC for a QFV scenario based on the mSUGRA scenario SPS1a' [39] are the common scalar mass, gaugino mass and trilinear coupling at the GUT scale,
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2 Table 4 : The MSSM parameters at the scale Q=1 TeV in the QFV scenario based on the SPS1a' scenario. T U αβ and T Dαβ are set to zero for α = β. All mass parameters are given in GeV. Note that M 2 U 23 =0 in the original SPS1a' scenario.
respectively. We use SPheno v3.0 [30] to obtain the resulting MSSM parameters at the scale Q=1 TeV according to the SPA convention [39] . At this scale, we add the QFV parameters (i.e. the squark generation mixing parameters) and vary them around zero (i.e. around the MFV scenario). An example set of the MSSM parameters thus obtained is given in Table 4 and the resulting mass spectrum and the up-type squark compositions in the flavour eigenstates in Tables 5 and 6 Table 5 : Sparticles, Higgs bosons and corresponding physical masses (in GeV) in the scenario of Table 4 . Table 4 .
In Fig.5 we show the δ uRR 23
dependence of the QFV production cross section σ process leading to the same final states, i.e. gluino production and its QFV decay [15] pp →gχ 0 1 X → ct(tc)χ 0 1χ 0 1 X. This cross section is, however, about a factor of 20-30 smaller than that of the QFV process via squark pair production in the scenarios studied here. This suppression is mainly due to the electroweak interactions involved.
The QFV production process pp → ct(tc)X via SUSY-QCD one-loop diagrams [40] also yields the signature '(anti)top-quark + charm-jet + X'. The size of the cross section of this process is of the same order as that of our QFV process Eq. (14) . However, the missing-E T would be much smaller than that in our signal process Eq. (14) . Main backgrounds are single top-quark productions in the SM. The most important one is due to tW production where the W-boson decays into a tau-lepton which then decays hadronically: pp → tW X → tτ νX → t τ -jet ννX. The cross section for the tW production σ(pp → tW − X) + σ(pp →tW + X) is about 66 pb for E cm =14 TeV [41] . It turns out that the W-boson is mainly produced in the central region (see e.g. [42] ). To reduce this background one can use the fact that a charm-quark jet has usually a much higher particle-multiplicity than the τ -jet. By requiring that at least four hadrons are contained in the jet, this background cross section can be reduced to about 12 fb for E cm = 14 TeV without significant loss of our QFV signal events. One can expect that it is much smaller than 12 fb for E cm = 7 TeV. In the case that one considers only hadronic decays of the top-quark, one can require in addition that the invariant mass of each jet is larger than the tau-lepton mass, which should reduce this background further again without significant loss of our signal events.
The second important background is single top-quark production due to t-channel W-boson exchange in the SM. Relevant for us is the reaction pp → t(t)q(q)Z 0 X → t(t)q(q)ννX, where the main contribution is due to W-boson exchange in the t-channel (quite similar to pp → t q X, for which a thorough treatment is given in [17] However, the probability of such W-boson decay would be very small. Moreover, these top-quark pair production cross sections are not so large compared to our QFV cross sections. For the process (a), for example, we see that σ Of course, a detailed Monte Carlo study including detector effects is required for a proper assessment of the detectability of the proposed QFV signal. However, this is beyond the scope of this paper and will be presented in a forthcoming publication [43] .
Conclusion
To conclude, we have studied the effects of squark mixing of the second and third generation, especiallyc L/R -t L/R mixing, on squark production and decays at LHC in the MSSM. We have shown that the effect can be very large in a significant region of the QFV parameters despite the very strong constraints on QFV from experimental data on B mesons. The QFV squark decay branching ratios B(ũ i → cχ 
